This paper reports on our development of low diffusion EUV resists based on polymer-bound PAG (PBP) technology. With our low diffusion resist, a wide process window for 30-nm hp of 280nm DOF over a 10% exposure range is achieved on the CNSE based Alpha Demo Tool (ADT) fullfield scanner. Line width roughness of 3.1nm is also achieved. Excellent resist profiles can be achieved on organic ULs or Si hardmask materials. This resist also shows only 1.1 nm carbon growth on witness plate mirrors for cleanables, and no reflectivity loss after mirror cleaning, making it a promising candidate for use on all NXE tools. We also have shown good pattern transfer for a Si HM stack using this resist. Finally, we report 17-nm hp resolution at a dose of 14.5mJ for a higher absorption resist.
Introduction
The necessity for high resolution, low linewidth roughness (LWR), and high sensitivity resist materials has become more acute as the EUV technology evolves. Many novel concepts have been investigated to achieve sub-20-nm resolution in EUV resists.
1,2 Significant research efforts have been spent on molecular glass materials, only to be limited with poor pattern collapse and high LWR. 3 Other workers have shown some progress in inorganic resists such as hydroxysilsesquioxanes [HSQ] and the more recent polyoxometallates 4 , however, in spite of their impressive resolution, they suffer from poor sensitivity and poor shelflife. 1, 4 The material approach that has shown the greatest promise, so far, is the polymer-bound PAG (PBP) resist approach, an extension of traditional chemically amplified resist chemistry with a bound PAG attached to the lithographic polymer, as shown in Figure 1 . 5 These materials have shown the best balanced performance for resolution, LWR and sensitivity in EUV technology. The bound PAG concept is derived from earlier studies which confirm that chemically amplified (CA) resist performance at small CDs is dictated by the acid diffusion length. 6 In ArF lithography, steady development of bulkier PAGs has led to higher resolution materials. However, the increased size of the PAGS can lead to increased PAG aggregation in the resist film which is deleterious to LWR and defect formation. 7 By randomly attaching the PAG monomer to the lithographic polymer, we can achieve very low acid diffusion while minimizing the opportunity for PAG aggregation. This paper will discuss the continued development of PBP resists for utilization in EUV lithography. It will focus on key parameters to optimize LWR such as PAG density and EUV resist absorption. Key parameters such as resist film quantum yield will also be considered. 
Resist Processing
Resist formulations were spun cast on 200mm Si wafers coated with 25nm of underlayer to a resist thickness of 60nm. For high resolution tests, the resists were coated to 35nm film thickness. The films were post-apply baked at 130°C for 90 seconds and exposed to EUV light source (NA=0.30; Quad; 0.22σ/ 0.68σ Mask) using both an open frame array in order to obtain a contrast curve and through a binary mask containing dark field line/space patterns.
The exposed wafers were post exposure baked at 100 o C for 60 seconds and then developed with 0.26N tetramethylammonium hydroxide solution for 30 seconds. Annular exposure conditions were done typically, with dipole exposure done for ultimate resolution. At LBNL, and a pseudo PSM was used for high resolution testing.
Film quantum yield
C-parameters were determined using the base titration method developed by Szmanda et al. 8 
Results and Discussion
There are many key factors in the design of EUV photoresists. Resolution, LWR and sensitivity are the pillars upon which EUV resist performance is based. Figure 2 shows optimized EUV resist performance on the CNSE based Alpha Demo Tool (ADT) fullfield scanner located in Albany, NY. This Figure shows high resolution to 30-nm hp at a sensitivity of 18mJ and an overall LWR value less than 4nm 3sigma. This type of resist performance is a good indication of EUV lithographic capability. As shown in Figure 3 , the low diffusion resist has a wide process window for lithographic use. On the CNSE based Alpha Demo Tool (ADT), over a 10% exposure range that DOF is maintained at 0.28 micron is achieved. Figure 4 shows the 30nm hp contact hole performance of our low diffusion resist on the LBNL eMET tool. Good contact profiles are maintained with an excellent intrafield CDU of 1.7nm.
In a paper published by Mack et al 9 last year, it was shown that some critical resist parameters could be optimized to minimize acid variance at the line edge, thereby minimizing LWR. Based on Mack's model for acid variance, there are four controllable factors for reducing acid variance in the resist:
 Increase the C-value, thereby increasing the overall acid concentration at the line edge  Increase the linear absorption coefficient, , which increases C, thereby increasing overall acid concentration at the line edge  Increase the photoelectron yield,  e  Increase PAG loading, which will increase the probability of an acid yielding event These factors can be used to optimize LWR for an advanced EUV resist. Figure 5 shows the generation of C-value for EUV exposure for one of our EUV resists. For this experiment, the base titration method originated from Szmanda's work was used. 8 For our resist, we calculate a C-value of 0.024 cm 2 /mj. In order to achieve this C-value, a quantum yield for acid generation of 1.9 acids/photon is required. Quantum yields greater than 1 are obtainable in EUV due to the 3-4 thermal electrons generated per unit absorbed EUV photon. Increasing PAG loading has a significant effect on LWR and resolution, as evidenced in Figure 6 . For the same kind of resist material, LWR of 5.2 at a low PAG density vs. 3.1 at a high PAG density is achieved. Also, resolution of 25-nm hp becomes much better for the higher PAG density resist. Figure 6 . Effect of higher PAG density on LWR and Resolution. Data generated on the CNSE based Alpha Demo Tool (ADT) fullfield scanner using 0.25NA/0.5 s.
EUV Absorption improvement
We reported last year that EUV resist materials are typically too transparent at EUV wavelengths.
2
For a 40nm resist thickness, the % transmittance of a typical PBP resist was 77%. At other wavelengths, the ideal resist transmittance has typically been at ~50% transmittance. Clearly EUV resists would be better served if they could achieve a lower transmittance thereby achieving higher EUV absorbed photons. We and others have talked about the need for higher absorbing elements to be used such as fluorine and other electron-rich atoms. We have been able recently to improve EUV absorbance by 18%, which is reported in greater detail in Ongayi's paper. 10 The highlight of this approach is that we are now able to see resolution of 17-nm hp at a photospeed of 15mJ ( figure 7) . Even the 15-nm hp is showing good modulation of the aerial image. We expect to see further progress with this system in 2012. We recently received our first results for EUV witness plate testing for our low diffusion resist. The test is run in two parts; the first test is for cleanable carbon growth. The specification to pass is less than 3nm carbon growth and our resist only had 1.1nm carbon growth. Figure 8 shows the recent results for our EUV resist for non-cleanable contamination using the NIST witness plate facility. Our PBP resist approach passes the specification for cleanable and non-cleanable contamination, allowing the use of these resists on ASM-L NXE3100 and 3300 tool sets. The low levels of contamination are gratifying, and confirm the value of the DOW low outgassing resist approach. As part of the development of EUV resist materials, it is important to optimize the resist for various potential substrates of interest in semiconductor manufacturing. We have taken one of our PBP resist systems and evaluated its performance on ArF-type organic UL, and ArF-type inorganic HM material. As shown in Figure 9 , the inorganic hardmask and the organic UL attenuate OOB radiation due to their high absorption at ArF wavelength. For this resist, there is ~15% more pattern collapse (PC) margin for Si HM. We believe that ArF-type stacks are well designed for adapting to EUV resists. 
Summary
Our rapid development of EUV resist technology will be able to support the acceleration of EUV technology. This paper reports on our development of low diffusion EUV resists based on polymer-bound PAG technology. With our low diffusion EUV resist, a wide process window for 30-nm hp of 280nm DOF over a 10% exposure range is achieved on a prototype fullfield scanner. Line width roughness of 3.1nm is also achieved. Excellent resist profiles can be achieved on organic ULs or Si hardmask materials. This resist also shows only 1.1 nm carbon growth on witness plate mirrors for cleanables, and no reflectivity loss after mirror cleaning. These results clearly pass for use on all NXE exposure tools. We also have shown good pattern transfer for a Si HM stack using PBP-based resist. Finally, we report 17-nm hp results for a higher absorption resist. If the source power and reliability can be improved, EUV resists will be ready for immediate use.
